+ T cells are the main barrier to complete clearance of HIV infection, but it is unclear what mechanisms govern latent HIV infection in vivo. To address this question, we developed a new panel of reverse transcription droplet digital polymerase chain reaction (RT-ddPCR) assays specific for different HIV transcripts that define distinct blocks to transcription. We applied this panel of assays to CD4 + T cells freshly isolated from HIV-infected patients on suppressive antiretroviral therapy (ART) to quantify the degree to which different mechanisms inhibit HIV transcription. In addition, we measured the degree to which these transcriptional blocks could be reversed ex vivo by T cell activation (using anti-CD3/CD28 antibodies) or latency-reversing agents. We found that the main reversible block to HIV RNA transcription was not inhibition of transcriptional initiation but rather a series of blocks to proximal elongation, distal transcription/polyadenylation (completion), and multiple splicing. Cell dilution experiments suggested that these mechanisms operated in most of the HIV-infected CD4 + T cells examined. Latency-reversing agents exerted differential effects on the three blocks to HIV transcription, suggesting that these blocks may be governed by different mechanisms.
INTRODUCTION

HIV can establish latent infection in CD4
+ T cells, and these cells are thought to be the major obstacle to eradication of HIV (1) (2) (3) (4) (5) (6) (7) (8) . Latently infected cells do not produce virus constitutively but can be induced by T cell activation to produce infectious virus. The reversible lack of viral expression allows latent proviruses to escape detection by host defenses, allowing survival in long-lived CD4 + T cells that can propagate the provirus during cell division (9, 10) . No existing antiretroviral drug prevents HIV reactivation from latently infected cells, which may contribute to the immune activation and organ damage that persist despite antiretroviral therapy (ART) and likely enable viral rebound when ART is interrupted (11) .
Despite intensive study, it is unclear what determines whether an infected cell will progress to latent or productive infection. Multiple different mechanisms have been implicated in latent infection (12, 13) , most of which involve blocks at various stages of transcription (14, 15) . One study proposed that latency could be due to viral integration in transcriptionally silent regions (16) , but subsequent studies have shown that HIV usually integrates into actively transcribed genes (17, 18) . Some studies have suggested that epigenetic modifications (histone deacetylation and DNA methylation) can contribute to the establishment or maintenance of latency (19) (20) (21) (22) (23) (24) (25) (26) (27) , whereas others found no evidence for such a role (28) (29) (30) . It has been further suggested that latency results from low levels of host transcription initiation factors (NF-B and NFAT) in resting cells [perhaps resulting from infection of CD4 + T cells when they are in transition from an activated to a resting state (18, 31) ] and/or from stochastic fluctuations in levels of Tat (32) . Inhibition of HIV transcriptional initiation can also result from transcriptional interference, a process in which active transcription from a neighboring cellular gene "reads through" the HIV provirus and prevents binding of cellular initiation factors to the viral promoter (18, 28-30, 33, 34) . Even with efficient initiation of HIV transcription, the RNA polymerase may stall just after the trans-activation response (TAR) region (35, 36) . Such blocks to transcriptional elongation can be due to lack of host elongation factors (such as P-TEFb), the presence of host factors that inhibit elongation (such as NELF), nucleosome positioning, or insufficient viral Tat activity (12, 13, (35) (36) (37) (38) (39) (40) (41) . When elongation fails, the transcription machinery may eventually disassemble, resulting in the accumulation of short, abortive TAR transcripts (35, 36) . These transcripts have been detected in vivo and have been proposed as a marker for inhibition of elongation (13, 36, 40, (42) (43) (44) . Other processes could also contribute to latency, including antisense transcription (45) , low levels of Rev (46) , a block in export of RNA from the nucleus (47) , or RNA interference (48) (49) (50) (51) .
It is uncertain to what degree these mechanisms contribute to latent infection in vivo. Most published studies have focused on latency models consisting of HIV-infected cell lines or in vitro infected cells, and most have investigated only one mechanism at a time. To investigate the degree to which different mechanisms reversibly inhibit HIV transcription in cells from HIV-infected patients, we developed a new approach that uses a panel of reverse transcription droplet digital polymerase chain reaction (RT-ddPCR) assays to simultaneously quantify different HIV transcripts that define specific blocks to transcription or progression through these blocks ( fig. S1 ). The intact HIV genome contains two long terminal repeat (LTR) regions (one each at the 5′ and 3′ ends) that play critical roles in RT and contain promoters for cellular transcription (15) . In the provirus (DNA), these LTRs are identical and each can be subdivided into sequential regions: U3, R (the first part of which is the TAR region), and U5 (15) . HIV transcription normally begins in the 5′ R region with transcription of the TAR loop and ends after the polyadenylation signal at the end of the 3′ R region so that a fulllength genomic HIV RNA transcript contains two LTRs that differ from each other (RU5 and U3R) and from the LTRs in the HIV DNA (15) . Transcriptional interference should result in "read-through" transcripts (18) that contain U3 sequences upstream of the normal HIV transcription initiation site in the R region and thus can be distinguished from conventional HIV transcripts by the presence of the full U3-R-U5 sequence region. Because the TAR region is found in all HIV transcripts (twice in full-length transcripts) (15) , the level of TAR-containing transcripts serves as a measure of HIV transcriptional initiation (35, 36, 44) . Longer, processive transcripts can be detected using targets for downstream sequences ("long LTR") that measure the degree of transcriptional elongation, whereas an excess (more than twofold) of TAR over long LTR transcripts suggests inhibition of elongation (35, 36, 44) . Polyadenylated ("polyA") HIV transcripts suggest completion of transcription (52) , which facilitates nuclear export, RNA stability, and translation (53) . Finally, multiply spliced Tat-Rev ("Tat-Rev") transcripts can be detected by an amplicon that spans the boundary between exon 1 and exon 2 of tat and rev (15) . Because Tat protein stimulates initiation and elongation of HIV transcription, whereas Rev stimulates export of unspliced and incompletely spliced HIV RNA from the nucleus, the level of Tat-Rev transcripts may indicate the relative ability to overcome blocks to initiation, elongation, and nuclear export, which are three of the main proposed mechanisms of latency (15) . Moreover, levels of multiply spliced but not unspliced HIV RNA in patients on ART predict the extent of viral rebound after therapy interruption so that these transcripts have been proposed as a surrogate marker for productive infection (54) .
We reasoned that by simultaneously quantifying the levels of these different HIV transcripts in CD4 + T cells from ART-treated patients, we could measure the degree to which HIV transcription was blocked by mechanisms operating at different stages of transcription. Moreover, we realized that it would be important to determine the degree to which each mechanism was reversed by T cell activation (the stimulus used to induce ex vivo reversal from latency and the presumed mechanism of reversal in vivo) and by different drugs that have been proposed to reverse latency. Therefore, we measured the level of each HIV transcript in aliquots of freshly isolated CD4 + T cells from ARTsuppressed patients as well as other aliquots that had been treated ex vivo with anti-CD3/CD28 antibodies or putative latency-reversing agents. We hypothesized that the main reversible block to HIV transcription would be at the stage of transcriptional initiation. Surprisingly, we found that the main reversible blocks to HIV transcription were not transcriptional interference or another block to initiation but rather blocks to proximal elongation, polyadenylation, and splicing.
RESULTS
The HIV transcriptional profile suggests blocks to elongation, completion, and splicing RT-ddPCR assays were developed for different HIV sequence regions, including (i) U3-U5 (read-through; suggests transcriptional interference), (ii) TAR loop (total transcripts; indicates transcriptional initiation), (iii) R-U5/pre-Gag (long LTR; elongation beyond 5′ LTR), (iv) Pol, (v) Nef (distal transcription), (vi) U3-polyA (polyA; completion of transcription), and (vii) multiply spliced Tat-Rev (Tat-Rev). These seven HIV assays ( fig. S1 ) performed similarly with respect to detection limit, dynamic range, linearity, and overall efficiency on HIV RNA standards ( fig. S2, A to D) . In CD4 + T cells (day 0) freshly isolated from the blood of 15 ART-suppressed individuals, the relative abundance of HIV transcripts (normalized to 1 g of RNA or ~10 6 cells) was as follows: total (TAR; median, 25,020 copies/g) > elongated (long LTR; median, 1816 copies/g) > polyadenylated (polyA; median, 257 copies/g) and read-through (median, 307 copies/g) > multiply spliced Tat-Rev (Tat-Rev; median, 5 copies/g) (Fig. 1A) . Read-through transcripts were detected in all participants, suggesting transcriptional interference, but were 86-fold lower than total (TAR) transcripts (median across individuals of [read-through/TAR] = 0.012) and 7-fold lower than elongated transcripts (median [read-through/long LTR] = 0.15). Total transcripts were 10-fold higher than elongated transcripts (median [long LTR/TAR] = 0.097), indicating abundant transcriptional initiation but a substantial block to elongation. Elongated transcripts were sevenfold higher than polyadenylated transcripts (median [polyA/long] = 0.14), suggesting another block to completion of transcription. Moreover, polyadenylated transcripts were 28-fold higher than multiply spliced Tat-Rev transcripts (median [Tat-Rev/polyA] = 0.036), suggesting a block to multiple splicing. Freshly isolated (day 0) peripheral blood mononuclear cells (PBMCs) were available from 12 individuals and showed a similar pattern of HIV transcripts and blocks (Fig. 1B) , except that the block to elongation was even greater than in CD4 + T cells (median [long LTR/TAR] = 0.044; Wilcoxon signed-rank test, P = 0.0012).
To determine whether the block to completion represents more distal blocks to elongation between the long LTR (5′ pre-Gag) and polyA (3′ LTR) regions, additional RT-ddPCR assays were developed for HIV Pol (downstream of Gag) and Nef (just before the 3′ LTR), and all seven transcripts were quantified in six ART-suppressed individuals. A gradient was observed from long LTR to Pol to Nef (Fig. 1C) , suggesting additional transcription stop points between the pre-Gag region and Nef. The median (Nef/long) was 0.097, indicating 10-fold lower levels of transcripts containing 3′ compared to 5′ sequence regions.
To determine how much of the observed difference between HIV transcripts could be due to proviral mutations (for example, internal deletions and APOBEC-induced hypermutations) corresponding to the primer/probe sequences, levels of the read-through (U3-U5), TAR, long LTR (R-U5/Gag), Pol, and Nef sequence regions were measured in the DNA extracted at the same time as the RNA (available for all but two participants) using the same primers/probes and ddPCR conditions that were used to measure each HIV RNA (note that the polyA and Tat-Rev assays do not detect HIV DNA). The read-through (U3-U5) and TAR HIV DNA were generally very similar and usually about twice that of the long LTR DNA (median [TAR/long LTR] = 2.11; mean [TAR/long LTR] = 2.00) ( fig. S3 ), as expected. The long LTR DNA was slightly higher than that of Nef DNA (median [Nef/long LTR] = 0.79). To further evaluate how either deletions or hypermutations in the provirus could affect the observed HIV RNA measurements, all HIV RNAs except Tat-Rev were normalized to HIV DNA (both normalized to 10 6 cells using nucleic acid mass) measured by the same assay used for the RNA (except for polyA, which was normalized to the corresponding read-through assay, which shares the same forward primer and probe). The mean [TAR RNA/TAR DNA] was 10.1, corresponding to about 20 TAR transcripts per provirus. The differences between read-through, TAR, long LTR, polyA, and Nef transcripts were preserved even after normalization to the corresponding HIV DNA measures (Fig. 1, D and E) , indicating that the observed blocks to transcriptional elongation and completion cannot be explained by either deletions or hypermutations in the proviruses.
T cell activation selectively reverses baseline blocks to splicing, elongation, and completion HIV transcripts were quantified in freshly isolated (day 0) and ex vivo activated (anti-CD3/CD28; day 2) CD4 + T cells from 12 individuals.
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When HIV transcripts were normalized to microgram of RNA (which expresses HIV transcription in relation to total cellular transcription), activation caused no net change in read-through or total transcripts, tended to increase elongated transcripts, and elicited greater increases in polyadenylated and multiply spliced Tat-Rev transcripts ( (table S1 ) and also at day 1 of activation, before cells had begun to proliferate (table S1) . Ratios of one HIV transcript to another (which are independent of normalization to cell numbers) were used to evaluate levels in relation to total, elongated, or polyadenylated transcripts to measure the degree of transcriptional interference (read-through transcripts) or progression through blocks to elongation, completion, and multiple splicing. Activation did not change levels of read-through transcripts in relation to total HIV transcripts (Fig. 3A) , although they constituted a lower proportion of elongated HIV transcripts (Fig. 3B) . In contrast, activation blocks to more distal elongation beyond the long LTR region, additional assays were developed for HIV Pol and Nef, and all seven transcripts were measured in six HIV-infected patients on ART. (D and E). To evaluate how deletions or hypermutations in the provirus could affect the measured HIV RNA quantities, HIV DNA was measured using the same ddPCR assays (except Tat-Rev and polyA, which are RNA-specific), and each HIV RNA was normalized to the corresponding HIV DNA (polyA was normalized to the read-through assay, which uses the same forward primer/probe). Bars indicate the median. Comparisons between transcripts were performed using the Wilcoxon signed-rank test. comparisons were performed using the Wilcoxon signedrank test.
increased the proportion of total HIV transcripts that were elongated ( Fig. 3C ), polyadenylated ( Fig. 3D ), and multiply spliced ( Fig. 3E ; median fold changes [day 2/day 0] of 2.7, 15.1, and 37.5, respectively); increased the fraction of elongated HIV transcripts that were polyadenylated ( Fig. 3F ) and multiply spliced ( Fig. 3G ; median fold changes of 5.9 and 14.1, respectively); and increased the proportion of polyadenylated HIV transcripts that were multiply spliced ( Fig. 3H ; median fold change of 3.0). Using the relative levels of total versus elongated, elongated versus completed, and completed versus multiply spliced HIV transcripts, we also calculated the proportion of HIV transcripts blocked at the stages of elongation, completion, and splicing (see the "HIV RNA quantities in freshly isolated and ex vivo activated CD4
+ T cells" section under Materials and Methods). Freshly isolated CD4
+ T cells were characterized by strong blocks to elongation (present in median 80% of transcripts), completion (87%), and multiple splicing (96%) (Fig. 3I) . Activation reduced the proportion of transcripts blocked at the stages of elongation, completion, and splicing (median changes from day 0 to day 2 of 34, 61, and 6.5%, respectively; Fig. 3I ).
HIV transcriptional blocks are present in most infected cells
Replicate terminal cell dilutions were used to determine the frequencies of freshly isolated (day 0) and ex vivo activated (day 2) CD4 + T cells that contained each HIV transcript. When normalized to cell counts, the amount of each HIV transcript showed surprisingly little variation across replicates or cell dilutions until terminal dilution was achieved ( fig. S4 ). The relative order of cell frequencies positive for the five transcripts mirrored the HIV RNA quantities in the bulk cell population (Fig. 4, A and B) . Moreover, 89 to 100% of HIV-infected cells contained TAR transcripts (Fig. 4B) . Activation increased the frequency of cells containing elongated (P = 0.040), completed (P = 0.0016), and especially multiply spliced Tat-Rev transcripts (P = 9.6 × 10 −6 ; all Wilcoxon signed-rank tests; Fig. 4 , C to F). By comparing the relative frequencies of cells containing total versus elongated, elongated versus completed, and completed versus multiply spliced HIV transcripts (see the "Cellular distribution of HIV transcripts" section under Materials and Methods), we also calculated the proportion of cells with blocks to elongation (median, 93% of TAR + cells), completion (76% of long LTR + cells), and multiple splicing (>99% of polyA + cells) (Fig. 4G) . Activation decreased the frequency of cells with blocks to elongation, completion, and splicing (median changes from day 0 to day 2 of 21, 20, and 13%, respectively) ( Fig. 4G ).
Latency-reversing agents exert differential effects on the blocks
Amounts of each HIV transcript were measured after ex vivo latencyreversing treatment of CD4 + T cells from five ART-suppressed individuals ( Fig. 5 and figs. S5 and S6). No agent induced read-through transcripts more than 1.7-fold (median change, 0.98). JQ1 and disulfiram induced no HIV transcript by more than 2.1-fold, and chaetocin caused less than 2-fold changes in all but one individual. Panobinostat and romidepsin increased total (median, 2.9-and 4-fold) and elongated transcripts (median, 3.7-and 4.6-fold) but had less effect on polyadenylated (median, 1.9-and 1.5-fold) or multiply spliced transcripts (median, 0.7-and 1.2-fold). In contrast, ingenol mebutate (PEP005) increased polyadenylated (13-fold) and multiply spliced (21-fold) transcripts more than total (2.6-fold) or elongated transcripts (3.2-fold). The differential effects of these agents suggest that the mechanisms underlying the blocks to completion and splicing may differ from those that mediate the blocks to initiation and elongation.
DISCUSSION
A "transcription profiling" approach was used to infer the degree to which HIV transcription is reversibly blocked by different mechanisms in vivo. Aside from differences in HIV transcription, consideration must be given to other factors that can affect the quantity of each transcript. One such factor is the performance characteristics of the various assays, especially the overall efficiency of detection. However, the relatively small differences in assay efficiency ( fig. S2 ) do not explain the large differences observed between quantities of different HIV RNA transcripts. Internal deletions and APOBEC-induced hypermutations are found in a high percentage of proviruses (55, 56) and could contribute to lower detection of some RNA sequence regions, especially Pol and Tat-Rev. Although deletions tend to affect the interior of the provirus and spare the LTRs (55, 56) , proviruses with deletion of one LTR ("single LTR") or everything but one LTR ("solo LTR") have also been described (10, 57) . We found that measures of the readthrough (U3-U5) and TAR HIV DNA were generally very similar and usually about twice that of the long LTR (R-U5/Gag) DNA (median [TAR/long LTR] = 2.11; mean [TAR/long] = 2.00), suggesting that in most patients, most proviruses have two intact LTRs and one long LTR (R-U5/Gag) region. Moreover, the differences between readthrough, TAR, long LTR, polyA, and Nef transcripts were preserved even after normalization to the corresponding HIV DNA measures (Fig. 1, D and E), indicating that the observed blocks to transcriptional elongation and completion cannot be explained by either deletions or hypermutations in the proviruses. Proviral mutations affecting Tat (if they do not prevent transcription), Rev, or splice junctions could contribute to the measured difference between quantities of polyA and multiply spliced Tat-Rev RNA. However, activation and PEP005 caused dramatic increases in multiply spliced Tat-Rev RNA, and activation caused a greater than 10-fold increase in the frequency of cells that contain multiply spliced Tat-Rev, indicating that in these cells, there is still a reversible block to splicing that cannot be explained by any deletions or hypermutations in the proviruses.
Alternatively, differences in RNA stability could also contribute to the patterns observed. However, previous studies on HIV latency have almost exclusively implicated mechanisms that involve HIV transcription or nuclear export (14, 15) , which makes it very unlikely that HIV latency is due to degradation of HIV RNA. In addition, the presence of a polyA tail should confer increased stability in eukaryotic cells (53) , yet polyadenylated HIV transcripts constituted only a small fraction of all the HIV transcripts. Moreover, differences in RNA stability do not explain the differential effects of activation or latencyreversing agents. Therefore, it is likely that the observed differences between the quantities of various HIV transcripts, and the changes with activation or latency-reversing agents, primarily reflect blocks at distinct stages of HIV transcription.
HIV transcriptional initiation can be inhibited by different mechanisms, including transcriptional interference. Here, the minimal U3-U5 amplicon necessary to distinguish read-through from canonical HIV transcripts was detected in all participants. However, read-through transcripts constituted only 1% of total and 15% of elongated transcripts, and activation did not decrease the ratio of read-through/total transcripts, suggesting that transcriptional interference plays a relatively modest role in reversible inhibition of HIV transcription in vivo. Recent work in latency models has also suggested that antisense HIV transcripts may contribute to latency (45) . Antisense transcripts could be detected by our assays, and although these assays are unable to distinguish whether any given transcript is sense or antisense, the 10-fold excess of long LTR (5′ only) over Nef (3′ only) suggests that ≤10% of all LTR-extended transcripts originate from the antisense direction. The degree of HIV transcriptional initiation was assessed by the amount of RNA containing the TAR region, which is found in all HIV transcripts, in relation to other amplicons and to HIV DNA. Total TAR-containing HIV transcripts were detected by our polyadenylation-RT-ddPCR assay at quantities much higher than previously reported for other HIV transcripts. This is likely because 90% of these are prematurely terminated transcripts that are difficult to reverse transcribe using conventional priming strategies, because they form a tight hairpin that is too short for random hexamers and hinders binding of hexamers or gene-specific reverse primers (44) . Moreover, terminal cell dilution experiments revealed that 89 to 100% of HIV-infected cells harbor TAR-containing transcripts. These findings suggest that the extent of HIV transcriptional initiation is much greater than previously recognized. Because presumably only one TAR loop can bind to the proviral DNA at any given time and we observed an average of 20 TAR copies per provirus, most of these TAR transcripts likely represent previous HIV transcriptional initiation events. In the presence of a sustained block to elongation, the TAR loop transcript may dissociate from the proviral DNA, allowing for a new initiation event and accumulation of these transcripts in the cell over repetitive cycles of HIV transcriptional initiation. Regardless of the half-life of these TAR loop transcripts, their accumulation suggests a dynamic process of repetitive cycles of HIV transcriptional initiation, which differs from the prevailing model of a relatively static, quiescent cell in which HIV is transcriptionally silent. Activation increased total (TAR) transcripts, but the increase did not exceed the global increase in human cellular transcription and was small compared to the absolute or proportional increase in elongated, completed, or multiply spliced transcripts. These results suggest that inhibition of transcriptional initiation is not the main mechanism that reversibly inhibits HIV transcription in vivo.
Total HIV transcripts were greater than elongated transcripts (median, 10-fold) in every individual, suggesting a block to HIV transcriptional elongation. An excess of short transcripts has been described in latency models and blood cells from some patients (13, 36, 40, 42) , but the poly adenylation-RT-ddPCR assay used here may be able to detect short transcripts with an efficiency and accuracy that was not previously possible (44) , and the results suggest that the block to elongation is greater and more pervasive than previously recognized. T cell activation increased the ratio of elongated to total transcripts and the frequency of cells with elongated transcripts, suggesting that the block to elongation is partially reversed by activation.
Elongated HIV transcripts were greater than polyadenylated HIV transcripts in all but one individual, and the median difference was about sevenfold. The low ratio of polyadenylated to elongated transcripts was surprising and implicates another block to completion of HIV transcription. Although the polyA assay will detect readthrough-5′ LTR-polyadenylated transcripts, the sevenfold excess of long LTR over polyA transcripts in the unstimulated cells suggests that if read-through-5′ LTR-polyA transcripts are present, they constitute less than or equal to one-seventh of the total. Although previous studies have reported the presence of non-polyadenylated HIV transcripts (13) , low quantities of polyadenylated HIV transcripts (13, 52) , and/or regulation of HIV transcription by 3′ end processing (58, 59) , this block to completion has not been well described as a mechanism of latency, in part due to the lack of quantitative comparison between elongated and polyadenylated transcripts. Activation increased the absolute number of polyadenylated transcripts, the ratio of polyadenylated/total and polyadenylated/elongated transcripts (the latter often approached 1), and the frequency of cells with polyadenylated transcripts. When the blocks to HIV transcription were expressed as a proportion of transcripts, the greatest effect of activation was to reduce the block to completion. These results suggest that the block to completion is one of the main reversible blocks to HIV transcription and a new, important mechanism of latency. This block to completion could represent additional barriers to transcriptional elongation (distal to the TAR loop) and/or a block to polyadenylation. We observed a gradient from long LTR to Pol to Nef, suggesting additional transcription stop points between the preGag region and Nef. Nef RNA/DNA tended to be higher than polyA RNA/DNA, which could indicate transcriptional pausing at the 3′ LTR and/or a block to polyadenylation. End processing of the viral RNA could be inhibited by pausing at the 3′ TAR stem-loop or low expression of HIV-1 Vpr, which modulates polyadenylation activity (60), or human cellular factors such as CDK11 (58, 59 ) and polyadenylation factors. Because polyadenylation facilitates nuclear export, stability, and translation (53), the lack of polyadenylated HIV RNA could contribute to the previously observed block in nuclear export of HIV RNA (47) and to low amounts of HIV protein.
Multiply spliced Tat-Rev transcripts were also lower than polyadenylated transcripts (typically by >10-fold) in all participants, suggesting a specific block to multiple splicing. As described by others, Tat-Rev was very low in the unstimulated cells (61, 62) . The lack of Tat protein could contribute to the block to proximal elongation, and lack of Rev could contribute to the previously described block to nuclear export of RNA (47) . The block to splicing was partially reversed by activation, which increased the amount of Tat-Rev, the ratios of Tat-Rev to total, elongated, and polyadenylated transcripts, and the frequency of cells with Tat-Rev. In absolute terms, the greatest effect of activation was to increase the amount of Tat-Rev and the frequency of cells with Tat-Rev. These results suggest that the block to splicing contributes strongly to the reversible inhibition of HIV transcription. The reversible component could involve activationinduced differences in human genes such as spliceosome components, SR proteins (such as SF2/ASF), MATR3, and PSF (15, 63) . At the same time, amounts of Tat-Rev were low relative to polyA even after activation, suggesting a nonreversible component of this block, which may reflect HIV sequence-specific elements [multiple inefficient splice donor and acceptor sites (15), intronic and exonic splicing silencers (15), or proviral mutations affecting Tat, Rev, or splice junctions (55, 56)] or negative feedback by Rev (15, 63) .
The baseline amounts of different HIV transcripts and HIV DNA regions also have important implications for deciding which HIV RNA or DNA sequence region to quantify to answer a given study question. HIV transcripts containing 5′ regions (especially TAR) were present at much higher copy numbers and may prove especially sensitive to detect HIV sequences. However, many of these total or elongated HIV transcripts may never produce polyadenylated HIV or protein.
Although present at much lower copy numbers, polyA and Tat-Rev transcripts may have more functional significance and may serve as markers for HIV protein and productive infection, respectively (54) . Multiple published assays target Gag or Pol, which indicate unspliced RNA but may be intermediate in terms of their copy numbers and functional significance.
Replicate terminal cell dilution was used to investigate the cellular distribution of the different HIV RNA transcripts and blocks to transcription. The pattern of the five different HIV transcripts observed in bulk unstimulated cells was surprisingly consistent across replicates until a given transcript reached terminal dilution, and the frequency of cells containing the different HIV transcripts mirrored the quantities of each transcript in the bulk population. These results suggest that the observed transcriptional blocks operate in most infected cells. Total transcripts were detectable even at cell replicates predicted to contain one to two copies of HIV DNA, suggesting that almost every HIV-infected cell contains TAR transcripts. This suggests that some degrees of transcriptional initiation and block to elongation exist in almost every HIV-infected CD4 + T cell in the blood. TAR transcripts may thus serve as a marker for HIV-infected cells and a means to target them, given their short, structured sequence and higher copy numbers with respect to the provirus. Finally, the cell dilution experiments suggest that the effects of activation are not limited to one or a few rare cells.
In addition to cell activation, different latency-reversing agents were tested for their ability to reverse the different blocks to HIV transcription. No substantial induction of read-through transcripts was observed with any latency-reversing agent, in contrast to one published study (52) , and most classes of latency-reversing agents caused little if any induction of polyadenylated transcripts, in agreement with the aforementioned study (52) . Panobinostat and romidepsin increased total and elongated transcripts but had less or no effect on polyadenylated and spliced transcripts, whereas PEP005 strongly induced completed and spliced transcripts but had lesser effects on initiation and elongation. The differential effects of these latency-reversing agents suggest that the mechanisms underlying the blocks to completion and splicing may differ from those that mediate the blocks to initiation and elongation.
These results have important implications for rational design of therapies aimed at reversing latency. Given the selective effect of different latency-reversing agents, optimal reversal of latency may require a combination of drugs that can reverse all the different blocks to HIV transcription. Because polyadenylation facilitates RNA nuclear export, stability, and translation (53), polyadenylated HIV transcripts may be important for translation into HIV protein, which serves as the source for the peptide antigens required for T cell recognition and killing of infected cells. Given the functions of the polyA tail and the fact that multiply spliced transcripts serve as the primary template for translation of Tat and Rev, both polyadenylation and multiple splicing may be important for expression of Tat and Rev proteins, which facilitate the transformation from latent to productive infection (15) . The selective ability of disulfiram and histone deacetylase (HDAC) inhibitors to increase total and elongated transcripts, with relatively little effect on polyadenylated or multiply spliced transcripts, may explain why these agents increased cell-associated HIV RNA in human trials but did not result in measurable decreases in HIV DNA or latently infected cells, suggesting that they did not lead to killing of reactivated cells (64) (65) (66) (67) (68) (69) .
Although most of the HIV RNA that we detected was incomplete, and thus noninfectious, we were unable to determine how much of this RNA originated from replication-competent proviruses. However, several caveats should be acknowledged. First, it is difficult to demonstrate both inducibility and infectivity in the same provirus without T cell activation, but activation also changes the cell's gene expression and precludes analysis of the basal transcription patterns. Second, much regulation of HIV transcription may depend on cellular factors that are independent of viral sequence. Third, noninfectivity may be a consequence of sequence changes throughout the provirus, but only those that create functional defects in the LTRs or Tat would be expected to affect transcription. Therefore, the factors that regulate HIV transcription of many noninfectious proviruses may not differ from those that regulate transcription of infectious viruses. In direct support of this hypothesis, one study found that the frequency of peripheral blood cells that could be induced to transcribe HIV RNA correlated precisely with the frequency that could be induced to express infectious virus (70) . Fourth, the cell dilution experiments from this study suggest that the blocks to HIV transcriptional elongation, completion, and splicing operate in most HIV-infected cells. For these reasons, it is likely that the reversible blocks to HIV transcription described in this study also serve as the main mechanisms of latency in circulating CD4 + T cells. Our findings challenge the prevailing model that HIV latency is due to a lack of transcriptional initiation and suggest that latent infection of blood CD4 + T cells is due to blocks to elongation, distal transcription/polyadenylation, and multiple splicing. It is unclear if these mechanisms vary in different latency models, cell/tissue types, or patients with different phenotypes and the degree to which they are reversed in vivo by existing latency-reversing agents. The transcription profiling approach described in this study should be used to investigate these questions. As confirmation that these mechanisms operate in cells with replication-competent provirus, the methods used here should be applied to latency models that use primary cells and infectious virus. However, because latency models may not recapitulate what happens in vivo, the ultimate proof may require new technologies or approaches. Meanwhile, the mechanisms described in this study provide a framework to investigate new cellular factors involved in HIV latency. Our findings should help in the design and evaluation of new therapies that can silence or kill latently HIV-infected cells. The approach that we have developed could also be applied to investigate transcriptional blocks in other viruses (particularly those that can cause latent infections) and in other organisms.
MATERIALS AND METHODS
Study design
The study was a pilot, cross-sectional study. The primary study objectives were (i) to quantify the degree to which HIV transcription was inhibited by transcriptional interference or other blocks to HIV transcriptional initiation, transcriptional elongation, and subsequent transcriptional processes, including completion of transcription and splicing, in CD4 + T cells from patients on suppressive ART and (ii) to determine the degree to which these blocks were reversed ex vivo by T cell activation. The study participants were HIV-infected adult patients on suppressive ART. A total of 23 blood samples were obtained from 18 study participants (table S2) ; three participants were sampled twice, and one was sampled three times to obtain blood for different experiments. The 18 study participants were recruited prospectively and sequentially from the Infectious Diseases Clinic at the San Francisco Veterans Affairs Medical Center from May 2015 to December 2016. Inclusion criteria included (i) infected with HIV-1, (ii) on ART, and (iii) last viral load <50 copies/ml. The study was approved by the local Institutional Review Board of the University of California, San Francisco and the San Francisco Veterans Affairs. All participants provided informed consent.
Blood cell isolation
PBMCs were recovered by Ficoll density gradient centrifugation (44) from fresh venous blood. PBMCs were used to isolate total CD4 + T cells by negative selection using the Untouched Human CD4 + T Cell Kit (Thermo Fisher Scientific). In 12 individuals for whom the cell count of PBMCs was high enough that not all of them were needed for CD4 + T cell isolation, aliquots of freshly isolated PBMCs were immediately frozen as cell pellets (not cryopreserved).
HIV RNA quantities in freshly isolated and ex vivo activated CD4 + T cells Aliquots of CD4
+ T cells (typically at least 6 × 10 6 ) were frozen as cell pellets (not cryopreserved cells) immediately after isolation (day 0 or unstimulated) or after ex vivo activation for 2 days (12 individuals) with anti-CD3/CD28 antibody-coated beads (25 l per million cells) and interleukin-2 (IL-2; 20 U/ml). Antiretrovirals (nevirapine and indinavir) were used to prevent new infection. When the cell count of isolated CD4 + T cells was high enough to permit additional conditions, aliquots of cells were activated ex vivo for 1 day (9 of the above 12 individuals) or cultured for 1 to 2 days with antiretrovirals but neither anti-CD3/CD28 nor IL-2 (8 of the above 12 individuals). Cells were cultured at 10 6 cells/ml in RPMI with 10% fetal bovine serum, penicillin/streptomycin (10 U/ml), and l-glutamine (2 mM). Read-through, total (TAR), elongated (long LTR), completed (polyA), and multiply spliced (Tat-Rev) transcripts in unstimulated and activated CD4 + T cells were measured by RT-ddPCR and normalized to 1 g of RNA [corresponding to about 10 6 unstimulated cells (71)] using the known RNA input into the RT and the fraction of the RT used for each ddPCR well. To determine whether the observed difference between levels of the long LTR and polyA transcripts was due to an additional, more downstream block to elongation between these two sequence regions (5′ LTR/pre-Gag and 3′ LTR/polyA tail), we developed additional RT-ddPCR assays for two intermediate sequence regions: Pol (downstream of Gag but present only in unspliced transcripts) and Nef (not removed by splicing and located at the 3′ end just before the 3′ LTR). All seven HIV transcripts (see fig. S1 ) were quantified in six additional samples of freshly isolated (day 0) CD4 + T cells from ART-suppressed individuals.
If sequence variations or mutations (deletions and APOBECinduced hypermutations) in the HIV DNA corresponding to the primer/probe regions do not preclude transcription, they could be transcribed as HIV RNAs that either lack primer/probe sequences (thus preventing detection) or contain sequence mismatches that could potentially reduce detection efficiency. To determine how much of the observed difference between HIV transcripts could be due to mutations in the HIV proviral sequence regions corresponding to the primers/probes, levels of the read-through (U3-U5), TAR, long LTR (R-U5/Gag), Pol, and Nef sequence regions were measured in the DNA extracted at the same time as the RNA (except for participants 116 and 118 from whom DNA was not available). DNA regions were measured using the same primers/probes and ddPCR conditions that were used to measure each HIV RNA. Because the polyA and Tat-Rev assays are specific for RNA and do not detect an HIV DNA standard containing an intact provirus (pNL4-3), these assays were not applied to the cellular DNA. However, the HIV sequence targeted by the polyA assay is entirely contained within the U3-U5 region of the read-through assay, and these assays share the same forward primer and probe, so the read-through assay can also be used to assess for most proviral deletions that would affect the polyA assay. To further evaluate how either deletions or hypermutations in the provirus could affect the observed HIV RNA quantities, all HIV RNAs except TatRev were normalized to amounts of HIV DNA (both HIV RNA and DNA were normalized to 10 6 cells using nucleic acid mass) measured using the same assay used for the RNA (except for polyA, which was normalized to the corresponding read-through assay containing the same forward primer and probe).
Although the normalization to RNA mass captures the change in each HIV transcript in relation to human cellular transcription, we observed that activation caused large but variable increases in the yield of total cellular RNA in relation to DNA (by three-to fourfold or greater), suggesting that activation dramatically increases the amount of total RNA per cell so that RNA mass is not a good surrogate for cell number in the activated cells. We also investigated the effect of activation on different housekeeping transcripts that have been studied in T cell activation (72, 73) , including RPLP0, 18S ribosomal RNA (rRNA), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), but activation increased the amounts of all of them in relation to total cellular RNA, suggesting that these were also not a good surrogate for cell numbers. As two other means to normalize the HIV transcript quantities to numbers of activated cells, we normalized the HIV RNA measurements in the unstimulated and activated cells by the cell equivalents recovered in the extracted DNA (available for 11 of 12 participants) or the cell counts before extraction (available for 6 of 12 participants).
We also analyzed the ratios of one HIV transcript to another, which do not depend on normalization to cell numbers. These ratios were used to express the levels of different HIV transcripts as a proportion of total (ratio to TAR), elongated (ratio to long LTR), or polyadenylated (ratio to polyA) HIV transcripts. The degree of transcriptional interference was assessed by levels of read-through transcripts (which themselves suggest a block) in relation to total transcripts (read-through/ TAR), whereas progression through blocks to elongation, completion, and splicing was measured by the ratio of postblock to preblock transcripts (elongated/total, polyadenylated/elongated, and multiply spliced/ polyadenylated, respectively).
We also calculated the proportion of transcripts that are blocked at the stages of transcriptional elongation (1 − (2*elongated/total]), completion (1 − [polyadenylated/elongated]), and multiple splicing (1 − [Tat-Rev/polyadenylated]) in each sample. Note that calculating the block to elongation is complicated because any given elongated transcript can have either two TAR regions (if transcription has pro ceeded through the TAR region of the 3′ LTR) or one (if transcription does not proceed to the 3′ TAR region), but the formula (1 − [2*long LTR/TAR]), which assumes that all elongated transcripts are complete, provides a minimum estimate of the block to elongation.
Cellular distribution of HIV transcripts
To measure the frequency of CD4 + T cells containing each transcript, freshly isolated (day 0) CD4 + T cells from three additional study participants were counted (average of two manual counts and automated counts using the Bio-Rad TC20), subjected to serial, replicate fivefold cell dilutions (from 5 × 10 6 to 320 cells), and snap-frozen. For two of these participants, another aliquot of >13 × 10 6 CD4 + T cells was activated in bulk by culture for 2 days with anti-CD3/CD28 beads and IL-2 (conditions as above, including antiretrovirals to prevent spreading infection) and then subjected to the same replicate serial fivefold cell dilutions and freezing. Read-through, total (TAR), elongated (long LTR), completed (polyA), and multiply spliced Tat-Rev transcripts were measured in each replicate and then normalized to cell numbers using the cell counts, the proportion of RNA going into each RT reaction (one-half of the total), and the proportion of each RT used for ddPCR.
The frequencies of CD4 + T cells containing each HIV RNA transcript were calculated using the total number of replicates and the number of positive replicates at each cell count using the method of extreme limiting dilution analysis (74) . The frequencies of HIV-infected cells containing each transcript were calculated in similar fashion by using the number of HIV-infected cells in each dilution [inferred from measurement of HIV DNA by ddPCR for the long LTR region (75) in the 5 × 10 6 and 1 × 10 6 cell replicates, using the assumptions of one long LTR HIV DNA copy per provirus and one provirus per cell] and the proportion of positive replicates at each dilution. P values (see table S1, sheet 7) were calculated using the website for extreme limiting dilution analysis (http://bioinf.wehi.edu.au/software/elda) (74) . Note that the estimated frequencies are minimums, because very low quantities of a given transcript may be missed because of aliquoting the RNA for different ddPCR assays (see below). We also calcu- 
Effect of latency-reversing agents
To examine the effect of ex vivo treatment with latency-reversing agents, peripheral CD4 + T cells from five study participants were aliquoted for culture (5 × 10 6 cells per well), rested overnight in the above medium with antiretrovirals, and then treated for 24 hours with different controls or latency-reversing agents. Controls included medium alone, DMSO (negative control), and anti-CD3/28 plus IL-2 (positive control). Latency-reversing agents were used at previously published concentrations (52) and included the histone methyltransferase inhibitor chaetocin (50 nM), the HDAC inhibitors panobinostat (30 nM) and romidepsin (40 nM), the BET bromodomain inhibitor JQ1 (2 M), disulfiram (1 M), and the protein kinase C agonists ingenol 3,20-dibenzoate (20 nM) and PEP005 (12 nM). Because of variable and sometimes insufficient yields of CD4 + T cells, a few agents were not tested in all individuals. Cell counts and viabilities were measured in each well before harvesting, as were the yields of nucleic acid (RNA and DNA) after extraction. To examine the effect of latency-reversing agents, quantities of each HIV RNA transcript in the treated cells were expressed as copies per microgram of RNA and also divided by the corresponding amounts in the negative control (DMSO) well (also in copies per microgram of RNA) to express the fold change relative to DMSO.
Nucleic acid extraction
For efficient recovery of short RNAs, nucleic acid extraction was performed on the basis of differential solubility using Trireagent (Molecular Research Center Inc.). Total cellular RNA and DNA were isolated using Trireagent per the manufacturer's instructions, including the use of polyacryl carrier (2 to 3 l), except that the optional back extraction buffer was used to isolate DNA. RNA and DNA concentrations were quantified using ultraviolet (UV) spectrophotometry (NanoDrop 1000). RNA quality was assessed in a subset of samples using the Agilent Bioanalyzer 2100 and showed no evidence of cellular RNA degradation. One aliquot of total RNA (1 g for most experiments or one-half of the total RNA for cell dilution experiments) was applied to the polyadenylation-RT reaction used to generate complementary DNA (cDNA) for the TAR assay, whereas another aliquot of RNA (4 to 5 g for most experiments, but up to 7 g when needed to measure all seven transcripts or one-half of the total RNA for cell dilution experiments) was applied to a separate RT reaction used to generate cDNA for the other ddPCR assays.
Reverse transcription
To prepare cDNA for all assays except the TAR assay [which requires previous polyadenylation for efficient RT of short transcripts (44) ], an aliquot of RNA was used in a common RT reaction. A combination of random hexamers and poly-dT was used to avoid bias toward RT of the 3′ end (as can be seen with poly-dT), the 5′ end (as can be seen with random hexamers), or any one gene (as occurs with gene-specific primers); the use of a shorter poly-dT (dT15) with lower annealing temperature helped prevent inhibition of the subsequent ddPCR (44) . This common RT was performed in 50 l containing 5 l of 10× SuperScript III buffer (Invitrogen), 5 l of 50 mM MgCl 2 , 2.5 l of random hexamers (50 ng/l; Invitrogen), 2.5 l of 50 M dT15, 2.5 l of 10 mM deoxynucleoside triphosphates (dNTPs), 1.25 l of RNAseOUT (40 U/l; Invitrogen), and 2.5 l of SuperScript III RT (200 U/l; Invitrogen). For additional measurement of Pol and Nef transcripts, all reagents were increased proportionally for a final RT volume of 70 l. Control RT reactions were established using RNA from HIV − donor cells (negative control), "no RT" controls containing patient RNA but no superscript (when RNA yields were sufficiently high), and HIV RNA standards (positive controls; see below). RT reactions were performed in a conventional thermocycler at 25.0°C for 10 min, 50.0°C for 50 min, followed by an inactivation step at 85.0°C for 5 min. For best comparison of different transcripts, aliquots from the same common RT reaction were used in subsequent ddPCR assays for read-through, long LTR, polyA, Tat-Rev, and (in some cases) Pol and Nef regions.
Polyadenylation-reverse transcription
Although conventional approaches to RT (such as random hexamers, poly-dT, or different specific reverse primers) can efficiently detect the TAR region on longer HIV RNA molecules (read-through or virion standards), we found that these approaches were markedly inefficient (<3%) at detecting short transcripts containing only the TAR loop (short standard), likely due to its short length and a tight hairpin structure that hinders primer binding (44) . In contrast, we found that addition of a polyA linker (using polyA polymerase) allowed for subsequent RT of the TAR loop with a high efficiency that did not differ between short and long standards (44) . Therefore, a second aliquot (typically 1 g) of cellular RNA was used in a polyadenylation-RT reaction to prepare cDNA for the TAR assay (44) . Polyadenylation was carried out in a volume of 20 l containing 3 l of 10× SuperScript III buffer (Invitrogen), 3 l of 50 mM MgCl 2 , 1 l of 10 mM adenosine 5′-triphosphate (Epicentre), 2 l of polyA polymerase (4 U/l; Epicentre), and 1 l of RNAseOUT (40 U/l; Invitrogen) at 37.0°C for 45 min. Subsequently, the remaining RT reagents were added in a volume of 10 l containing 1.5 l of 10 mM dNTPs (Invitrogen), 1.5 l of random hexamers (50 ng/l; Invitrogen), 1.5 l of 50 M oligo dT15, and 1 l of SuperScript III reverse transcriptase (200 U/l; Invitrogen). RT was performed in a conventional thermocycler at 25.0°C for 10 min, 50.0°C for 50 min, followed by an inactivation step at 85.0°C for 5 min.
Droplet digital PCR
Primer and probe sequences are listed in table S3. ddPCR was used because it enables "absolute" quantification, it is relatively less dependent on PCR efficiency (which may be reduced by sequence mismatches or inhibitors), and it may be more precise than conventional quantitative PCR (qPCR) at low copy numbers (76) . ddPCR was performed using the QX100 Droplet Digital qPCR System (Bio-Rad). Samples were tested in duplicate, and each reaction consisted of a 20-l solution containing 10 l of ddPCR Probe Supermix (no deoxyuridine triphosphate), 900 nM of primers, 250 nM of probe, and 5 l of undiluted RT product or 500 ng of cellular DNA (fragmented using a QIAshredder column) (75) . Droplets were amplified using a 7900 Thermal Cycler (Life Technologies) with the following cycling conditions: 10 min at 95°C, 45 cycles of 30 s at 95°C and 59°C for 60 s, and a final droplet cure step of 10 min at 98°C. Droplets were read and analyzed using the QuantaSoft software in the absolute quantification mode.
Assay validation and performance characteristics
To ensure that there is no substantial bias for or against any one transcript, a series of specific HIV standards was prepared, quantified by independent means (UV spectrophotometry and/or the Abbott RealTime assay), and used to test each assay for overall efficiency, detection limit, dynamic range, linearity, sensitivity to inhibition by background cellular RNA, and specificity (absence of false positives). Validation experiments were performed using HIV plasmid DNA (pNL4-3) and four different HIV RNA standards: (i) a "short" 58-nucleotide TAR loop sequence (HXB2 positions 456 to 513) corresponding to abortive transcripts (44); (ii) a read-through standard (positions 326 to 2844) (44); (iii) a "virion" standard containing full-length HIV genomic RNA (44); and (iv) a "six-assay" standard consisting of a synthetic read-through, multiply spliced, polyadenylated HIV RNA.
The short, read-through, and virion standards were prepared as described previously (44) . The six-assay standard was prepared by constructing a plasmid (pNL43_RT_MS_polyA) containing synthetic HIV pNL4-3 sequences (GeneArt, Life Technologies) from the beginning of the 5′ U3 region to the first splice donor site (1 to 743), the splice acceptor in exon 4 to the end of tat/rev exon 1 (5777 to 6044), the beginning of tat/rev exon 2 to the 3′ LTR polyA signal (8369 to 9636), and a polyA tail of 100 adenosine nucleotides. These sequences were cloned into pcDNA3.1(+) from the Nhe I site to the Xba I site by the providing company. The plasmid was linearized with Xba I (confirmed by gel electrophoresis) and then purified of protein and ribonucleases by digestion with Proteinase K followed by extraction with buffered phenol/chloroform/isoamyl alcohol (25:24:1), extraction with chloroform, and ethanol precipitation. Templates for the short, read-through, and six-assay standards were transcribed using the T7 MEGAscript Kit (Invitrogen). In vitro transcribed RNA standards were treated with deoxyribonuclease (DNase) I, purified using Qiagen's miRNeasy kit (short and read-through standard) or RNeasy kit with on-column DNase (six-assay standard), and quantified on the basis of molecular weights and replicate measurement of RNA mass using the NanoDrop 1000 spectrophotometer. The correct length and integrity of each standard were confirmed using the Agilent RNA 6000 Nano assay.
Standards were diluted to the appropriate copy numbers and mixed with cellular RNA extracted from donor PBMCs. Efficiencies of detection were expressed as ratios of absolute cDNA copies measured by ddPCR to the expected copies per ddPCR well, as calculated from the input of HIV RNA standard into the RT reaction, the fraction of the RT reaction used per ddPCR well, and the fact that the virion and six-assay standards contain two identical TAR regions. The overall efficiency of each assay was calculated by plotting measured versus expected copies and determining the slope using linear regression analysis.
The variability between cell aliquots and reproducibility of the extraction, RT, ddPCR, and activation was tested using replicate cell pellets of 5 × 10 6 unstimulated (day 0) PBMCs, replicate cell pellets of 5 × 10 6 unstimulated (day 0) CD4 + T cells, and replicate wells of 5 × 10 6 activated (day 2) CD4 + T cells that were obtained from the same participant on the same day ( fig. S2E ). Additional cell dilutions and replicates were performed as part of the terminal dilution experiments used to measure the frequency of cells containing each HIV transcript ( fig. S4 ).
Note that because RNA extracted from a given sample was aliquoted for two separate RT reactions, and only a fraction of each RT reaction was used for a given assay, it is possible that these methods may fail to detect a given transcript if present at very low amounts in the starting sample. Tat-Rev transcripts were detected in 19 of 23 samples (from 14 of 18 individuals) of unstimulated CD4 + T cells from which we had ≥5 × 10 6 cells, whereas the remaining transcripts were detected in all these samples. However, this limitation should be con sidered when interpreting the cell dilution experiments, particularly when diluted down to one to two HIV-infected cells.
Statistical analysis
The Wilcoxon signed-rank test was used to compare measures of different HIV RNA transcripts or transcriptional blocks and to compare measures of the same transcript or block between unstimulated and activated cells. All statistics were performed using GraphPad Prism (version 7) or the website for extreme limiting dilution analysis (http://bioinf.wehi.edu.au/software/elda) (74) .
With the Wilcoxon signed-rank test, a P value of 0.05 can be obtained with a minimum of six pairs if differences between the paired values are consistent. For the primary study measures (amounts of five HIV transcripts and blocks to transcription in unstimulated and activated CD4 + T cells), a sample size of 12 (twice that required) was chosen to achieve better power to detect reasonably consistent differences. For extension of the primary findings to secondary study questions requiring much higher numbers of CD4 + T cells and assays (cell frequencies, effect of latency-reversing agents), smaller sample sizes were chosen in cases where the trends were clear and/or recapitulated findings from the primary study outcomes.
SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/10/430/eaap9927/DC1 Fig. S1 . HIV RNA assays to investigate the mechanisms that regulate transcription. Fig. S2 . Assay validation and performance characteristics. Fig. S3 . Differences in quantities of HIV DNA sequence regions are significant but small relative to observed differences in the corresponding HIV RNAs. Fig. S4 . Distribution of HIV transcripts and blocks in serial, replicate dilutions of unstimulated and activated CD4 + T cells. Fig. S5 . Effect of ex vivo treatment with latency-reversing agents on different HIV transcripts (in copies per microgram of RNA). Fig. S6 . Effect of latency-reversing agents by individual agent. Table S1 . Data in tabular form. Table S2 . Clinical characteristics of the study participants. Table S3 . Primers and probes.
